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Introduction 

There  is  growing  evidenee  that  the  elements  boron,  selenium  and  zine  reduee  PCa  risk 
whereas  ealcium  and  eadmium  inerease  risk  (1-12).  The  objective  of  this  proposal  was  to 
determine  if  these  elements  differ  in  concentration  and  location  between  normal  and 
tumor  tissue  and  thus  help  to  identify  chemopreventative  modes  and  mechanisms  of 
action.  The  project  was  able  to  make  substantial  progress  toward  identifying  boron  as  a 
new  chemopreventative  element  with  a  new  mode  of  chemoprevention.  However,  the 
tissue  concentration  data  on  selenium,  zinc  and  cadmium  did  not  substantiate  significant 
associations  between  them  and  the  severity  of  the  disease. 

Pathologically  graded  human  prostate  was  analyzed  to  determine  the  elemental 
concentrations  in  these  tissues  and  their  relationship  with  Gleason  scores.  The  results 
showed  no  significant  differences  in  gross  concentrations  and  Gleason  scores  (13). 
However,  the  variability  of  the  element  boron  (B)  was  intriguing  and  so  the 
chemopreventative  properties  of  B  were  examined  in  human  prostate  cell  lines.  These 
studies  showed  B  had  strong  chemopreventative  properties  and  future  studies  should 
examine  if  it  is  efficacious  in  a  clinical  trial  (14-20).  Analyzing  the  intracellular  location 
of  the  elements  was  difficult.  The  art  and  science  of  biological  sample  preparation  for 
NanoSIMS  analysis  is  primitive,  but  images  were  obtained  that  showed  the  elements 
were  compartmentalized  within  cells.  We  are  continuing  to  work  with  scientists  at  the 
Lawrence  Livermore  National  Laboratory’s  NanoSIMS  microscopy  laboratory  to 
improve  the  resolution.  However,  at  the  end  of  this  grant  the  NanoSIMS  procedure  is 
still  unable  to  provide  unambiguous  results  on  the  intracellular  localization  of  the 
elements  in  human  tissue.  On  a  positive  side  we  were  able  to  make  significant  progress 
in  the  characterization  of  boron  as  a  chemopreventive  agent.  This  included  the 
identification  of  a  physiological  mode  of  action  a  potential  molecular  target  that  may 
explain  its  chemopreventative  action. 

Key  Research  Accomplishments 

Task  1.  To  identify  and  maintain  a  series  of  progressively  dedifferentiated  samples. 

Accomplishments  Project  year  1:  Unmatched  and  matched  sets  of  normal  and  tumor 
prostate  tissue  were  collected  from  the  UCLA  Human  Tissue  Research  Center. 
Unmatched  samples  were  used  to  establish  the  methods  for  elemental  analysis.  We  had 
to  use  normal  tissue  from  men  with  cancer  because  samples  of  normal  tissue  from  normal 
men  are  nearly  none  existent.  The  vast  majority  of  tissue  samples  available  have  Gleason 
scores  in  the  range  from  6  to  7. 

Task  2,  To  utilize  state  of  the  art  inductive  coupled  plasma  mass  spectrometry  to 
determine  the  concentration  of  the  B,Ca,  Cd,  Se  and  Zn  in  whole  tissue  samples.  . 

Accomplishments  Project  year  2:  We  analyzed  matched  pairs  of  normal  and  tumor 
tissue  to  determine  the  concentrations  of  B,  Ca,  Cd,  Se  and  Zn  in  23  different  male 
donors.  The  mean,  median,  range  and  coefficient  of  variation  of  the  concentrations  are 
given  in  Table  1. 
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Table  1,  Elemental  Concentrations  of  Normal  and  Tumor 
Prostate  Tissue  in  23  Men 


Normal 

Boron 

Cadmium 

Calcium 

Selenium 

Zinc 

ng/g 

ng/g 

hg/g 

ng/g 

gg/g 

Mean 

291 

71 

313 

471 

86 

Median 

90 

58 

300 

480 

73 

Range 

28- 

3530 

8-220 

82  -  830 

200  - 
730 

9- 

190 

Std 

Error 

159 

10 

36 

24 

11 

CV 

256% 

66% 

56% 

25% 

63% 

Tumor 

Mean 

355 

83 

263 

502 

88 

Median 

100 

61 

270 

520 

84 

Range 

23  - 
2360 

20  -  250 

80  -  430 

15  -  820 

110- 

180 

Std 

Error 

129 

12 

18 

34 

9 

CV 

170% 

70% 

33% 

33% 

50% 

The  concentrations  in  both  normal  and  tumor  tissue  ranked  as  follows:  Ca  >  Zn  >  Se  >  B 
>  Cd.  A  statistical  comparison  of  elemental  concentrations  in  normal  and  tumor  tissue 
did  not  reveal  significant  differences  (Table  2).  The  coefficient  of  variation  of  the 
elements  varied  greatly  between  elements  (Table  1).  The  magnitude  of  variation 
followed  the  same  rank  in  normal  and  tumor  tissue:  B  >  Cd  >  Zn  >  Ca  >  Se.  The  high 
variation  in  boron  concentrations  was  not  expected.  Boron  is  not  known  to  activate  or 
covalently  bind  to  proteins.  It’s  variability  and  10  fold  range  in  concentration  suggests 
that  prostate  is  able  to  accumulate  boron.  Examination  of  tissue  using  the  NanoSIMS  ion 
probe  will  determine  where  this  occurs  for  boron  and  the  other  elements. 


Table  2.  Statistical  Evaluation  of  Elemental  Concentrations 
in  Matched  Normal  and  Tumor  Tissue 

Element 

Statistical  Comparison  between  Normal 
and  Tumor  Tissue 

Boron* 

p  =  0.31 

Calcium* 

p  =  0.46 

Cadmium* 

p  =  0.58 

Selenium* 

p  =  0.21 

Zinc*^ 

p  <  0.09 

We  then  determined  the  strength  of  the  relationship  between  whole  tissue  elemental 
concentrations  and  pathological  tissue  classification  will  be  determined  by  statistical 
analysis. 
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Accomplishments:  Table  3  shows  there  was  no  relationship  between  Gleason  seore  and 
the  eoneentration  of  any  element. 


Table  3,  Statistical  Evaluation  of  the  Relationship  between 
Gleason  Scores  and  Elemental  Concentrations  in  Tumor 

Tissue 

Element 

Correlation  Coeffieient  of  Gleason  Seore 
versus  Element  Coneentration 

Boron* 

R  =  0.10 

Caleium* 

R  =  0.13 

Cadmium* 

R  =  0.08 

Selenium* 

R  =  0.30 

Zine^ 

R  =  0.21 

Eaeh  of  these  elements  had  been  positively  or  negatively  assoeiated  with  prostate  eaneer 
risk,  but  this  did  not  show  up  as  eoneentration  differenees  at  the  gross  tissue  level.  We 
were  eoneemed  that  the  variability  may  have  eome  from  dye  eontamination  used  in  the 
Clinieal  Pathology  Laboratory  to  mark  regions  of  the  organ.  Dyes  are  applied  to  the 
outside  of  the  prostate  gland  by  elinieal  pathology  laboratories  to  mark  regions  for 
teehnieians  that  subsequently  prepare  the  gland  for  evaluation  and  Gleason  grading.  We 
analyzed  the  elemental  eomposition  of  the  three  dyes  used  at  UCLA.  The  results  of 
triplieate  measurements  is  given  in  the  table  below  and  show  that  element  eoneentrations 
were  too  low  to  be  a  signifieant  variable. 


Table  4,  Concentrations  of  elements  in  Pathology  Laboratory  Dyes 

Clinical 

Boron 

Cadmium 

Calcium 

Selenium 

Zinc 

Pathology 
Marker  Dye 

ng/g 

Pg/g 

Pg/g 

Pg/g 

Pg/g 

Black 

ND;  ND;  ND 

ND;  ND;  4 

ND;  17;  16 

ND;  ND;  ND 

ND;  ND;  ND 

Blue 

ND;  ND;  ND 

0.37;  0.39;  0.4 

41;  39;  40 

0.42;  0.34;  0.37 

1.6;  1.5;  1.6 

Yellow 

ND;  ND;  ND 

ND;  ND;  ND 

ND;  ND;  ND 

ND;  ND;  ND 

ND;  ND;  ND 

Limit  of 
Detection 

60 

0.002 

10 

0.2 

0.3 

LD  =  limit  ol 

'  detection;  ND 

=  not  detectable 

The  souree  of  the  variability  is  most  likely  due  to  natural  biologieal  variability. 

Task  3.  To  determine  the  mieroloeation  and  mieroeoneentrations  of  B,  Ca,  Cd,  Se  and 
Zn  in  graded  series  of  samples. 

Accomplishments  (project  years  2  and  3);  The  NanoSIMS  ion  mieroseope  was 
installed  at  Lawrenee  Livermore  in  the  Lall  of  2004  and  the  two  seientists  who  ran  it 
worked  with  us  to  obtain  images  of  the  elements  in  prostate  eells.  Ion  imaging  of 
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elements  within  prostate  eells  was  aeeomplished  using  the  ion  mieroseope  (NanoSIMS 
50)  loeated  in  the  Analytieal  and  Nuelear  Chemistry  Division  of  the  Lawrenee  Livermore 
National  Laboratory. _ 


12C  14N 

2,le4M3 

1,ae4M3 

f 

n 

1,e€-iM3 

1,3€4CX]3 

S’ 

1.1e-iM3 

.  ^ 

B, 0^4  M2 

2//tri 

1 

^2, 

Figure  1 .  The  light  areas  represent  the  origin  of  seeondary  earbon-nitrogen  polyatomie 
ions  sputtered  from  the  sample  by  primary  eesium  ions  rostered  aeross  the  eells.  The  C- 
N  atoms,  whieh  represent  protein,  are  at  their  highest  levels  around  the  nueleus  and 
within  the  nueleolus.  The  numbers  to  the  right  of  the  image  indieate  C-N  polyatoms  /per 
C  emitted  from  the  same  region. 

Problems; 

Progress  on  Task  3  foeused  on  the  development  of  methods  to  prepare  tissue  for  ion 
mieroseopy.  We  purehased  a  Leiea  EM  MM80  slam  freezer  to  ultra-rapidly  freeze 
prostate  tissue  and  a  Thermo  Neslab  CC-100  eold  probe  to  regulate  the  dehydration 
phase.  Briefly,  the  Leiea  slam  freezer  was  preehilled  by  filling  with  liquid  nitrogen.  The 
tissue  was  slam  frozen  and  transferred  to  a  Dewar  eontaining  aeetone  ehilled  to  -  83“C. 
The  temperature  of  the  aeetone  bath  was  eontrolled  using  the  Thermo  Neslab  CC-100 
probe  and  refrigeration  unit.  Samples  were  slowly  brought  to  room  temperature  over  a 
period  of  72  hours.  The  dehydrated  tissue  was  fixed  in  osmium  and  embedded  in  Spurr 
Low  Viseosity  Resin.  This  proeedure  was  been  sueeessful  using  eultured  prostate  eells  as 
the  preparations  look  good  when  evaluated  by  seanning  eleetron  mieroseopy,  however 
the  aeetone  eaused  leakage  of  the  membranes  so  teehniques  needed  to  be  developed  to  fix 
and  dehydrate  eells  and  tissues  without  the  use  of  membrane  damaging  agents. 

lee  erystals  form  in  tissues  frozen  at  -80°C  or  above.  When  tissues  are  dropped  into 
liquid  nitrogen,  the  temperature  eonduetanee  through  the  tissue  is  ineffieient  and  erystals 
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form  before  the  tissue  drops  below  -SO^C.  We  employed  slam  freezing  to  prevent  this, 
lee  erystals  also  form  if  water  is  not  removed  before  the  tissue  is  defrosted.  We  used  a 
freeze  substitution  method  that  replaeed  water  with  aeetone.  This  worked,  but  we  were 
eoneerned  that  it  may  also  disrupt  ion  distribution  in  the  tissue.  In  the  third  year  of  the 
projeet  we  switehed  to  a  Turbo  Freeze  Drier  that  holds  samples  down  to  -140°C  under 
vaeuum  and  during  the  warm-up  phase  when  samples  eross  the  -80°C  barrier  a  seeond 
time.  We  are  working  with  Seientist  at  Lawrenee  Livermore  to  determine  if  the 
resolution  of  images  is  greatly  improved  with  our  improved  proeedures  and  using 
prostate  as  a  model  system  to  develop  the  proeedure  for  other  human  tissues.  This  grant 
has  ended,  but  the  work  will  be  eontinued  pending  sueeess  in  applieations  for  funds  from 
other  granting  ageneies. 

Accomplishments  (project  year  3  and  no-cost  time  extension) 

During  year  3  and  the  no-eost  time  extension  eonsiderable  progress  was  made  toward 
understanding  how  boron  mediates  its  preventative  effeets.  We  were  able  to  identify  a 
mode  of  aetion  that  may  explain  its  ability  to  inhibit  eell  proliferation  (figure  2-6).  Boron 
modulated  the  release  of  intraeellular  ealeium  stores  at  human  physiologieal 
eoneentrations  by  inhibiting  the  NAD/eADPR  ealeium  release  pathway.  This  is 
important,  as  the  release  of  ealeium  stores  aetivates  numerous  ealeium  binding  proteins 
that  regulate  eellular  proeesses,  ineluding  the  eell  eyele.  These  observations  provide  the 
stage  to  identify  potential  boron  moleeular  targets  that  are  involved  in  modulating  stored 
ealeium  release. 

Studying  the  chemopreventive  properties  of  boron  has  presented  a  diffieult  ehallenge. 
Boron  does  not  have  a  stable  radioaetive  isotope  and  physiologieal  eoneentrations  are 
near  deteetable  limits  the  induetively  eoupled  plasma  mass  speetrometry  (ICPMS).  All 
experiments  require  the  use  of  ultrapure  water,  reagents  and  boron  free  labware.  In 
addition  students  had  to  be  trained  to  eonduet  all  experiments  using  ultraelean  proeedures 
to  avoid  eontamination. 

The  following  figures  show  in  order:  binding  of  borie  aeid,  the  physiologieal  form  of 
boron,  to  NAADP  and  eADPR,  these  are  both  intraeellular  ealeium  release  signaling 
moleeules  (fig  2);  inhibition  of  NAD  stimulated  ealeium  release  from  the  endoplasmie 
retieulum  (fig  3);  stereospeeifieity  of  borie  aeid’s  effeet  on  inhibition  of  ealeium  release 
shown  by  the  ineffeetiveness  of  methylboronie  aeid  (fig  3);  stereospeeifieity  of  borie 
aeid’s  effeet  on  inhibition  of  prostate  eaneer  eell  proliferation  as  shown  by  the 
ineffeetiveness  of  methylboronie  aeid  (fig  4);  stereospeeifieity  of  borie  aeid’s  effeet  on 
the  redistribution  of  intraeellular  ealeium  stores  in  the  DU- 145  eell  line  and  the 
ineffeetiveness  of  methylboronie  aeid  (fig  5) 
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Figure  2,  Negative  ion  ESI-MS  speetra  of  NAADP,  NAADP-BA  eomplexes,  eADPR 
and  eADPR-BA  eomplexes  in  water:aeetonitrile:triethylamine  mixtures  at  pH  10.3.  (A) 
100  pM  NAADP  showing  an  intense  (M-H)  signal  at  m/z  742.7  (ealed  743.1  Da).  The 
signal  at  m/z  764.7  (ealed  765.1)  is  assigned  as  NAADP-Na^  adduet.  (B)  A  mixture  of 
100  pM  NAADP  and  500  pM  "B(0H)3  produeed  signals  eorresponding  to  the  NAADP- 
BA  eomplex  at  m/z  768.7  (ealed  769.1  Da).  Ka  for  the  eomplex  formation  was 
ealeulated  as  82  ±  3.8  L/mol.  (C)  100  pM  eADPR  showing  an  intense  (M-H)  signal  at 
m/z  539.9  (ealed  540.0  Da).  The  signals  at  m/z  549.0  and  557.8  are  assigned  as  unknown 
impurities  in  the  eADPR  sample.  (D)  A  mixture  of  100  pM  eADPR  and  500  pM 
''B(0H)3  produeed  signals  eorresponding  to  the  eADPR-BA  eomplex  at  m/z  585.7  (ealed 
586.0  Da),  and  the  eADPR-borate  eomplex  at  m/z  583.7  (ealed  584.0).  Ka  for  the 
eomplex  formation  was  ealeulated  as  655  ±  99  L/mol. 


A,  B, 
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Figure  3.  NAD^  and  NADP^- induced  release  sensitivity  in  DU- 145  eells  treated  for 
8  days  with  BA  and  CBA  (250  and  1000  )j,M).  (A)  BA  treatment  (250  and  1000  )j,M) 
inhibited  NAD^  (10  mM)  indueed  Ca^"^  release,  whereas  (B)  CBA  (1000  )j,M)  treatment 
did  not.  (C)  BA  (1000  )j,M)  treatment  redueed  NADP"^  (5  mM)  induced  Ca^"^  release 
whereas  (D)  CBA  (1000  )j,M)  did  not.  Traces  represent  mean  fluorescence  (Fluo-4)  of 
four  individual  cell  responses. 
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Figure  4,  Effects  of  BA  and  CBA  on  DU- 145  cell  proliferation.  A  dose-dependent 
reduction  in  cell  proliferation  occurs  in  cells  exposed  to  BA  (■)  for  eight  days  (100-1000 
|uM),  but  not  CBA  (□).  Values  are  presented  as  the  mean  of  six  independent 
measurements  ±  sem.  (*)  represents  statistically  significant  means  compared  to  the  0  |uM 
BA  control;  (**)  represents  significant  differences  between  BA  and  CBA  at  like  dose. 
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CBA 


Figure  5,  Intracellular  Ca^"^  distribution  and  concentration  in  DU- 145  cells  exposed  to 
24-hour  and  8-day  BA  and  CBA.  (A.)  Fluoreseent  images  depieting  intraeellular  Ca^^  re¬ 
distribution,  from  diffuse  to  sub-eellular  localized,  in  DU- 145  cells  loaded  with  Fluo-4, 
following  8-day  exposure  to  0-1000  pM  BA  and  CBA. 


I  also  note  that  we  reeeived  the  following  letter  eoncerning  our  funds  from  this  grant  and 
so  the  no-cost  time  extension  did  not  extend  an  entire  year. 

Ms.  Conrij 

Please  reference  subject  grant  under  the  direction  of  Dr.  Curtis  Eckhert. 
We  have  received  your  SF  272  for  the  period  7-1-06  -  9-30-06. 

I  am  very  concerned  that  you  have  indicated  a  negative  balance.  Our 
records  indicate  you  have  received  all  payments  thus  far  totaling 
$417j082.  There  are  no  payments  remaining  under  this  research  project. 

Please  check  your  records  for  this  grant  as  you  had  requested  a  one  year 
extension  without  additional  funds  on  30  March  2006.  Please  plan  to  have 
Dr.  Eckhert  complete  the  statement  of  work.  If  you  have  no  remaining 
fundSj  please  have  Dr.  Eckhert  stop  research  and  submit  his 
final  report.  AgaiOj  no  further  funds  will  be  forthcoming.  Thank  you 
for  your  attention  to  this  matter. 

Sacelia  L.  Heller 
Sacelia  L.  Heller 
Contract  Specialist 
301-619-7349 
301-619-3166  FAX 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Successful  procurement  of  Gleason  graded  tissue  elassified  as  normal,  gleason 
grades  3,  5,  6,  7,  8. 

•  Analysis  of  matched  sets  of  normal  and  tumor  tissue  obtained  from  23  different 
men  for  the  elements,  boron,  ealeium,  cadmium,  selenium  and  zine. 


13 


•  Statistical  analysis  shows  there  is  no  differenee  between  normal  and  tumor 
eoneentrations  of  these  elements. 

•  Development  of  methods  for  NanoSIMS  analysis  for  loealizing  elements  within 
prostate  eells. 

•  First  ion  microseope  images  of  prostate  eells  obtained  using  the  NanoSIMS 
instrument  at  Lawrenee  Livermore  National  Laboratory 

•  Signifieant  progress  made  toward  improving  the  preparation  of  prostate  cells  for 
higher  resolution  of  the  subeellular  loeation  of  elements. 

•  Observed  a  10  fold  range  of  boron  eoneentration  in  prostate  tissue  suggested  the 
element  differed  significantly  between  individual  men  and  maybe  related  to  the 
risk  of  prostate  eaneer. 

•  Evaluation  of  the  chemopreventative  properties  of  boron  with  the  outcome 
showing  it  is  a  strong  ehemopreventative  agent. 

•  Identifieation  that  the  physiological  form  of  boron,  boric  acid,  inhibits  calcium 
signaling  and  inhibits  cell  proliferation  of  prostate  eaneer  cells 

•  Identification  of  cADPR,  a  intracellular  ealcium  release  signaling  moleeule,  as  a 
molecular  target  of  borie  acid 

REPORTABLE  OUTCOMES 

Manuscripts  and  Abstracts 

Barranco  WT,  Stella  Jr  SL,  Kim  DH  and  Eckhert  CD.  Boric  acid  inhibits  the 
NAD/CD38/cADPR/Calcium  Signaling  Pathway.  Under  review 

Henderson  K  and  Eckhert  CD.  The  Effect  of  Boron  on  the  UPR  in  Prostate  Cancer  Cells 
is  Biphasic,  FASEB  J,  May,  2007 

Barranco  WT,  Hudak  PF  and  Eckhert  CD.  Erratum  to:  Evaluation  of  ecological  and  in 
vitro  effects  of  boron  on  prostate  cancer  risk.  Cancer  Causes  Control  18:71-77, 
2007,  Published  Online:  http://dx.doi.orq/10.1007/s10552-007-0077-8.  Cancer 
Causes  Control,  March,  2007. 

Barranco  WT,  Hudak  PF  and  Eckhert  CD.  Evaluation  of  ecological  and  in  vitro  effects  of 
boron  on  prostate  cancer  risk.  Cancer  Causes  Control  18:71-77,  2007. 

Barranco  WT,  Hudak  PF  and  Eckhert  CD.  Evaluation  of  ecological  and  in  vitro  effects  of 
boron  on  prostate  cancer  risk.  Cancer  Causes  Control  18:71-77,  2007. 

Kim  DH,  Que  Hee  S,  Norris  A,  Faull  KF  and  Eckhert  CD.  Boric  acid  inhibits  ADP-ribosyl 
cyclase  non-competitively.  J.  Chromatography  A.  1 1 15:246-252,  2006. 

Barranco  WT  and  Eckhert  CD.  Cellular  changes  in  boric  acid-treated  DU-145  prostate 
cancer  cells.  BrItJ.  Cancer  94:884-890,  2006. 

Henderson  K  and  Eckhert  CD.  Boric  acid  induces  ER  stress  in  DU-145  and  LNCAP 
prostate  cancer  cell  lines.  Soc.  Tox.  2006. 

Barranco  WT  and  Eckhert  CD.  Inhibition  of  DU-145  Prostate  Cancer  Cell  Proliferation 
by  Boron  and  Selenium  is  Additive.  FASEB  J.  2005. 

Barranco  W.T.  and  Eckhert  C.D.  Boric  acid  inhibits  human  prostate  cancer  cell 
proliferation.  Cancer  Letters  2^6:2^ -29,  2004. 

Kim  D.  H.  S.,  Faull  K.  F.,  Norris  A.  J.,  Eckhert  C.  D.  Borate-nucleotide  complex 
formation  depends  on  charge  and  phosphorylation  state.  J.  Mass  Spectrometry 
39:743-751, 2004. 
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Barranco,  W.T.  Eckhert,  C.D.  Boric  acid  acts  as  a  cADPR  /  RyR  antagonist  during 
inhibition  of  human  prostate  cancer  cell  proliferation.  FASEB  J.  2004;  18:A351.2 

(352.2) . 

Kim,  D.H,  Faull,  K.F.,  Eckhert,  C.D.  Determination  of  borate  complex  with  cyclic  ADP- 
ribose  (cADPR)  by  electrospray  ionization  mass  spectrometry  (ESI-MS)  FASEB  J. 
2004;  18:  A351.4  (351.4). 

Eckhert,  C.D.  Concentration  and  variation  of  boron,  selenium  and  elements  associated 
with  cancer  risk  in  non-tumor  human  prostate  tissue.  FASEB  J.  2004;  18:A351.3 

(351.3) . 

Employment  and  Research  Opportunities 

Support  was  provided  for  research  training  of  the  following  students: 

Kim  Henderson  (currently  a  Ph.D.  working  on  imaging  elements  using  the  NanoSIMS 
ion  microscope  at  Lawrence  Livermore) 

Joey  Miller  (currently  a  medical  student) 

Wade  Barranco  (currently  a  Post-doc  at  the  Cancer  Center  at  Southwestern  Medical 
School  in  Houston,  TX) 

Danny  Kim  (Post-doc,  UCLA) 

Grants  and  Clinical  Trial 

Support  provided  data  for  preparation  of  NIH  ROl  and  R21  grants  submitted  to  the  NIH 

Support  provided  data  for  the  design  of  a  Clinical  Trial  to  examine  the  chemoprotective 
effect  of  boron  on  men  at  risk  for  prostate  cancer.  This  is  current  under  review. 

CONCLUSIONS 

The  project  was  designed  to  determine  the  relationship  between  elemental  concentrations 
and  the  risk  of  prostate  cancer.  The  work  resulted  in  the  identification  of  boron  as  a 
chemopreventative  agent.  This  led  to  submission  of  a  new  grant  for  further  study  of  the 
role  of  boron  in  cancer  to  the  NIH-NCI.  The  project  also  provided  data  to  support  a 
clinical  trial  to  determine  if  boron  can  reduce  PSA  levels  in  men  at  risk  for  prostate 
cancer.  This  proposal  is  currently  under  review  for  approval  by  the  UCLA  IRB.  The 
work  also  resulted  in  the  development  of  techniques  to  image  the  intracellular  location  of 
elements  in  prostate  cells.  This  has  been  the  most  difficult  part  of  the  project  and  there 
remains  a  need  for  further  work  in  this  area. 
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growft  nnd  pxoJtleraiion  of  In^er  pljnlr  and  lonwr  ixiinulx  Here  we  repod  ftnt  bnne  ncid,  6ie  domanni  fonn  of  bozm  in 
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tinnarigenic  {Bodate  cell  lines,  Fl^'R  11!  and  1,  and  iie  cancer  line  PC-3  we*  alto  iiAiiiled,  lat  reqtnred 
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1.  bitroduction 

Boron  Iub  been  shown  to  be  benefioial  for  many 
species,  but  its  cellular  processing  in  animals  lemaim 
obscure.  The  boron  atom  has  a  high  aflinity  for 
oxygen  and  in  naliue  is  present  in  die  form  of  borates 
[I],  Soluble  forms  include  boric  acid  BlOHl)  and  the 
monovalent  anion  BlOH)4 ,  with  the  presence  of  the 
dominant  for  mdependent  upon  solvent  pH.  In  pla.sma. 
boric  acid  predominates  and  its  concentration  teflecls 
dieuf)  intake  and  respaatory  exposure  [2). 

Boron  is  known  to  be  imporlam  for  animal  cell 
teplication  and  development,  but  the  underlying 
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mechanisms  remain  obscure.  Boric  add  stimulates 
embryonic  growdi  in  trout  [3]  and  is  essential  during 
the  pre-blastula  cleavage  stage  of  zebraftsh  [4).  In 
frogs  (Xmopus),  boron  defidendes  interfere  widi 
normal  oocyte  maturation,  embryonic  growth  and 
morphogenesis  [3],  Dehciencies  in  Xe/iopus  also  lead 
to  iniUbition  of  oocyte  germinal  veside  breakdown, 
possibly  due  t>  an  alteration  in  progesieiooe  receptor 
binding  (6). 

Evidence  leading  to  the  hypothesis  that  boric  acid 
may  be  anti-carcinogenic  was  derived  from  epide¬ 
miological  screening,  where  iie  risk  of  prostate 
cancer  was  observed  to  be  inversely  proportional  id 
dietary  inuke  of  boron  in  a  dose  responsive  manner 
(741-  Boric  acid  has  also  been  reported  id  inhibit 
the  growth  of  LNCaP  prostate  lunors  in  nude  mice 
(9).  In  the  present  paper,  we  report  that  boric  acid 
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Borate -nucleotide  complex  formation  depends 
on  charge  and  phosphorylation  state 

Danny  H.  KimJ  Kyra  F.  Faull.*  Andrew  J.  Norris®  ar»d  Curtb  D.  Eckhert''* 

'  Deporlment  of  Enviromientd  htsakh  ScienoM,  Univenity  of  CdHcmb  10633  Le  Conte  Avenue,  Lx«  Angetee,  Celfomb  90CO5,  USA 
^  PoeorowMooeSpectrofnelfy  Loboratory,  OepertTn-nlBOf  Pvychbtiyond  Bbbehavionil  Science*.  Chemntiy  and  Bbchemietry 
end  the  Neuropoychialric  IneiHUe,  Uriveteity  ^Coifoino.  10033  LeConteAvenee.Lo*  Angeles,  ColifoiTeo  M09S,  USA 
*  UCLA  Jchnson  Comprehensive  Concer  Certer,  Uneeriity  o1  Colifomb,  10633  Le  Conte  Avenue,  Lo*  Angetee,  Ceiifomb  93CB0,  USA 

nacainvd23D«emtMr3i03;AaHpt*d  lAf>iil20O4 


How  injection  Analysis  with  electrospray  ionization  oiasis  spectronieiiy  was  used  to  investigate 
bcwale-nucleotide  complex  Idfmation.  SoluUons  containing  100  pM  nucleotide  and  500  pM  boilc  acid 
in  water-acetonitrile-triethylaoiine  150:50:0.3,  yfvfv;  pH  10.3)  showed  that  borate  complexation  with 
nicotinamide  nucleotides  was  signiticantly  Influenced  by  the  charge  on  the  nicotinamide  group  and  the 
number  oi  phosphate  groups  on  the  adenine  ribose.  Borate  binding  deaeased  in  the  order  of  NAD*,  N  ADH, 
NADP*  and  NADPH.  To  investigate  the  relationship  between  complex  formation  and  phasphorylation, 
association  constants  (Ka)  of  borate-adenine  (AMP,  ADP,  ATP),  -guanine  (CMP,  CDP,  GTP),  -cyildine 
(CMP,  CDP,  CTP)  and  -uridine  (UMP,  UDP,  UTP)  complexes  were  compared.  The  results  showed  that 
the  number  of  nucleotide  phosphate  groups  was  Inversely  proportiorul  to  the  relative  abundance  of 
the  borate  complexes,  with  the  Ka  of  borate-nucleotide  complex  decreasing  in  the  order  mono-,  di-  and 
tri-phosphates  (.AMPa  GMPaCMP  a  UMP  >  ADP  a  GDP  a  CDP  a  UDP  >  GTP  >  ATP  a  CTP  a  UTP). 
At  pH  7.4,  using  ammoitium  bicarbonate  buffet,  only  borate-NAD*  complex  was  observed.  This  indicates 
that  the  borate-NAD*  complex  may  be  the  most  physiologically  relevant  of  those  studied.  Copyright  o 
2004  John  Viiley  &  Sons,  Ltd. 


KEVViORDS:  borate-nucleotide  complexation;  nucleotide;  association  ccnstant;  dissociation  constant 


INTRODUCTION 

In  aqueous  so  hrtion.  boron  exists  as  either  boric  add  ( BfOH); ) 
or  borate  (B(OH)a‘ )  ions,  as  shown  in  Eqn  (1  ).Since  ihepK.of 
boric  acidls9.2,at  intracellular  pH,  nearly  all  free  boron  e  xisis 
as  boric  acid.  Boric  acid  reacts  with  polyhydroxy  compounds, 
leaditig  to  a  decrease  m  pH  (Eqn  (2)).*"*  Complex  formation 
between  boric  acid  and  polyhydroxy  compo  unds  depends  on 
the  pH  of  the  solution  and  the  structure  of  the  polyhvdroxy 
compounds,  and  we  have  previously  shown  that  (his  is  true 
for  boric  acid  arul  NAD'.*  Van  den  Bergd  af  showed  that  in 
the  case  of  diols,  cls-l  ,2-  are  favored  over  (nms-  or  1,  J-diols, 
and  five-membered  ring  are  preferred  over  six-membered 
ring  l.2-dlols.‘  Therelbre,  a  nbxose  ring  with  2,3-ct5-dlol  may 
be  an  important  reactive  site  for  interaction  with  boric  acid. 

"°‘C  * 

.2) 

OH  HO- 0-1 
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Boron  Is  ubiquitous  in  the  environment  and  is  present 
in  all  hving  organisms.  In  1923,  boron  was  shown  to  be  an 
essential  nutrient  for  plants.^  but  it  was  not  until  1996  that  it 
was  disco  vered  to  be  structural  compcxient  of  the  cell  wall^* 
Recently  a  transport  mechanism  for  boron  In  plant  toots  was 
identified  that  has  low  homology  to  certain  kidney  transport 
proteins.*®  “  Bo  ton  has  also  been  shown  to  heacomponent  of 
autoinducer  (AI-2),  a  signaling  compound  regulaungcolony- 
wlde  gene  expresslcuis  in  Cram-positive  and  -negative 
bacteria.  “  Boron  was  recently  shown  to  promote  embryonic 
giowth“  and  to  be  essential  for  pxxsf-lertillzaticn  cell  growth 
in  fish'*  and  frogs."  Human  studies  suggest  that  boron  may 
he  important  for  bone  strength,'*  cognitive  performance'’ 
and  serum  17/»-estradlol  levels  '®  Dietary  boron  intake  has 
also  been  teponed  to  reduce  the  risk  of  prostate  cancer.'* 
However,  toxic  effects  of  excess  boron  have  also  been 
reported.  At  high  coruentraticns  of  oral  intake,  boric  acid 
caused  degeneration  of  seminiferous  epithelium  of  rodents."’ 
Although  the  mechanisms  for  these  effects  remain  obscure, 
the  long-known  complexation  of  boric  acid  to  the  cls-dlol 
moiety  of  nbose  su^rs  suggests  that  a  similar  leaction  may 
underlie  Us  biological  effects  m  animals  Since  nucleotides 
are  among  the  mc«t  abundant  artd  metabolically  importam 
molecules  containing  the  ribose  cts-diol  nvoiety,  a  ranking  of 
borate-nucleotide  complex  by  asscxtiation  constants  could 
provide  insight  for  understanding  the  physiological  effects 
of  borate. 
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CpwJen'wotopcal.  vwnd,  and  cdl  calure  studies  h««  pdent/ed  boron  as  a  chemopreventatM'e  ^gent  n  prostite  cancer.  Pie  preserrt 
obiecOve  was  to  ident^  boron  viduced  chviBss  n  the  CU  I4S  hurron  prostale  cancer  cel  hne  We  show  that  prolonged  e>poejre 
to  phamiacolofpcallyrdeiant  l<veh  of  booc  ac^  tie  ruturatfy  occurring  farm  of  boron  CjrcJatiqg  ei  hixrwi  plaarm,  induces  the 
feOowir^  nic3r^oio0cal  chmges  m  cek  increases  n  gvKihmty  and  mracekitar  vesde  content  erhanced  cel  spreactng  and 
decreased  cel  vokme.  Docunented  increases  n  $  ^aUclosdase  activty  sjgipst  tiat  borx  aod  nduces  convevon  to  a  senescent 
Ike  ceOiJar  phenot)pe.  Box  aod  also  causes  a  dose  dependent  reduction  vi  c)drB  A->E.  as  wen  as  MAPK  protere,  sjgg^stir^  tier 
contnbuton  to  pro4^ratwe  rhbiton.  Fuhhennore  treated  cek  dispky  reduced  adhesoa  m^xton  and  nvaeon  potential  aloqg 
vulh  F  acttfi  changes  mclcatve  of  reduced  metastatx.  potentai  fruMy.  the  obser^tion  of  media  aodoes  «i  treated  ceBs  correlated 
vwth  an  acajmuktion  of  lysosome  associated  msnbrane  protem  type  2  (LAMP  7}  negative  audK  compliments.  Ihe  chaHen^  of 
litire  studies  wll  be  to  ident^  the  underfyuig  mechanism  re^oonsble  lor  tie  observed  ceAiJar  responses  to  ths  natural  blood 
constituent 

Beitah  jourml  of  Cancer  (7CC6^  94,884—890.  dcxlQI038/^bfc6603009  wwwbfcancer.com 
PiJDlehed  crime  2 1  Feb^ary  2006 
C  2006  Cancer  Research  UK 

Keywords:  bone  aod;  prostde  cancer,  DU-  l4Sc  rn^j^tion;  senesoeixe  aadoss 


The  elemeiit  boron  is  iwariy  aira}de1rly  ahsothed  from  drinking 
water  and  plant  derived  foods  in  the  gastrointestinal  tract,  and 
circulitcs  in  blood  as  boric  aicid  (BA)  (Mce  et  ai  1997).  Gels  were 
once  tiiouf^t  incafmUe  of  processing  lie  dement,  yet  tiiis  has 
since  been  di^ov^  Boron  is  utiiaed  by  bacteria  in  the  structure 
of  several  antliiotics  and  ataotnducer  2,  a  ognalHif  molecule 
utibsal  during  inter^iecies  quorum  sensing  (Clien  er  ni,  200^ 
Semraeliack  rt  of.  2004).  Plaits  require  the  dement  for  growth, 
flowering  and  seed  formation,  and  obtain  boron  from  soil  pore 
water  using  a  borate  transporter,  BORl.eiqiressal  in  root  pericyde 
ccAi  (Takano  et  at  2002).  A  human  hcimologue.  (he  electragcnic, 
vokage  regulatod.  Na*^  coupled  borate  transporter  KaBCl,  was 
recently  identifiol  in  human  kidney  tubular  cels  and  may  function 
to  maintain  plasma  BA  levds  (Park  et  d,  2004). 

'DieTe  are  several  reports  supporting  heron  as  a  cbemcqireven 
tative  agent  against  prorate  cancer.  An  epidemidagical  study 
unng  data  from  the  KHAKES  III  database  reported  that  the  risk  of 
prosute  cancer  in  US  men  is  invers^  proportional  to  dietary 
intake  of  boron  (Cui  rf  at  2004).  The  bblogicaiplausiltilityof  this 
observation  has  been  suppohed  by  cdl  culture  and  animal  studies. 
Treatment  of  nude  mice,  inject  with  androgen  sensitive  Lh^CaP 
prostate  cancer  cdk.  witii  BA  caused  a  reduction  in  tumour  growth 
of  2S*3B%,  along  with  a  reduction  in  plasma  PSA  levds  of  889b 
(Gallardo  Wiliams  et  d.  2004).  BA  inhibits  lie  activity  of  serine 
proteases,  including  prostate  specific  ant%en  (PSA).  presumaUy 
by  binding  ki  its  active  ate  (Bone  et  at,  1987;  (ialardo  Wiliams 
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et  d.  2003).  In  etdture,  BA  has  been  diown  to  inhihit  the 
probferation  of  LKCaP  and  the  androgen  independeit  prostate 
cancer  cd  tints  DU<145  and  PC-A  in  a  dosed^ndent  manner 
(Barra noi  and  Eckbeit,  2004).  Since  DU  145  ccBs  do  not  synthesise 
PSA,  BA*s  mode  of  iitiiibking  proliferation  is  likely  not  to  occur  by 
idiibhing  the  cotwersion  of  IGFBP  3  to  IGF-I,  as  proposed  in 
LKCaP  tumours  (Gallardo  Wltiaras  et  ai  2004;  Sabd  aid  5iadar, 
20QS).  The  present  invest^tion  was  initiated  to  define  moipho 
logical  and  molecular  re^nses  of  DU  145  prestate  cancer  cels  to 
BA.  diich  mif^t  lead  to  an  esplanatian  of  its  antiprediferative 
properties. 

In  the  current  report,  we  exanonol  the  elects  of  pharmacolo 
gical  concentrations  of  BA  on  cdl  raoiydiology  and  molecular 
markers  of  prediferation.  senescence,  metastuis  and  motility. 
We  show  that  prolonged  exposure  to  BA  causes  DU  145  cds  to 
develop  a  fUttenrd,  angular  pheiKitype  with  numrrous  vesido 
appearing  in  the  cytoydaam.  These  changes  occur  coincident  with  a 
debase  in  the  eif>resaon  <4  <7clin  proteins,  p21  and  P  MEKl/2. 
as  wel  as  a  reduction  med  motiity  and  invasion  capacity.  Hnaly. 
increased  fi  gaJactosidase  activity  reflects  a  conversion  of  DU  145s 
to  a  senescence  tike  cdL 


MATERIALS  AND  METHODS 
Experimental  cuhure 

DU  145,  LKCaP, and  P03  PGa eda  denated  by  Dr  Allan  Panluck, 
were  cultured  in  RPMI  1640  media  (Invitrogen.  USA)  supple 
mented  with  109b  FBS.  peniciltin/streptoniysin  (lOOUnl*'; 
100/ignd~').  and  i  y^utamine  (200mM)  (Gemini  Bioproducls. 
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Aholrnct 

Admomao  dipbc«ptvit<-tibo<yl  cyclaso  l  ADP-ribocyl  cyclaso)  is  a  ubajiatcua  eazyaio  m  eukaiyoloa  (bat  coavrttr  NAO*  to  cycbc-ADIShbose 
fcADPRl  oad  aiccmaaimdr .  A  quanbtativr  assay  for  cADPR  was  developed  asiag  capslUry  electrophoresis  to  separate  NAD*.  cADFR.  ADP- 
tiboce.  aad  ADP  with  UV  detecdoa  l3S4aral.  Usiag  this  aaaay,  the  appareat  A'a  aad  Vau  iorXfiysia  ADP-iibocyl  cyclase  were  detemtiaed  to  be 
1.3d±Q05raM  and  131.8^2.0iLM/nila.  respectively.  Boric  acid  lahibsted  ADP^tibosyl  cyclase  ooa-coaipetitively  with  a  ITi  of  403±0.5niM. 
Doric  acid  banding  tocADPR,  determined  by  electroapray  ionization  mass  speccromecty.  was  characterized  biy  an  apparent  banding  constant,  JCa. 
aL6SS±:99  Uinol  at  pH  10.  J. 

O  2006  Elaevier  B.V  All  ngfacs  reserved. 
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1.  Intniductirin 

Adenosine  diphosphale-ribosyl  cyclase  (ADP-ribosyl 
cyclase)  is  widely  distributed  in  naiure  and  is  expressed  in  over 
do  dilTerenl  species  of  protisis.  plants,  and  animals  |  l-S].  The 
enzyme  cyclizes  NAD*  to  pnxiuce  cyclic -ADP-ribose  ( cADPR  i 
with  the  release  of  nicotinamide  (Fig.  I)  |6].  cADPR  acts  as  a 
second  messenger  that  mobilizes  Ca^*  from  the  endoplasmic 
reticulum  via  activation  of  ryonodifK  receptors  [7).  Three 
homologs  of  tiK  cyclase  with  300b  sequence  identity  have  now 
been  ickntilied  |8-I2|.  There  is  a  soluble  cyclase  present  in 
the  sea  hare  Aph’sin.  the  membrane-bound  lymphocy  te  antigen 
CD38.  and  another  antigen  BST-I.  Mammalian  CD38  is  a 
multiple  function  cell  surface  molecule  possessing  both  cyclase 
activity  that  converts  NAD*  lo  cADPR.  and  hy  drolase  activity 
that  converts  cADPR  to  ADPR.  At  pH  4.5.  CD38  also  converts 
NADP*  to  nicotinic  acid  aefenine  dinucleotide  phosphate 
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(NAADP).  another  second  messenger  that  also  triggers  Ca^ 
release  from  intrarellular  stores.  However,  these  stores  are 
different  from  those  affected  by  cADPR  ( 13 ). 

The  soluble  Aplysia  cyclase  has  been  recombinantly  pro¬ 
duced  in  yeast  and  cry  stallized  ( Id).  Thisenzy  ne  only  catalyzes 
the  synthesis  of  cADPR.  Lee  |8]  has  proposed  a  catalytic  model 
for  the  CD38  type  based  on  an  active  site  that  consists  of  a 
highly  conserved  sequence  containing  lOcysteine  residues  and 
three  other  critical  residues:  glutamate  179.  which  is  the  cat¬ 
alytic  residue  and  lies  in  the  catalytic  pcckeL  and  two  uy  ptophan 
residues.  The  model  proposes  that  the  two  tryptophan  residues 
bind  and  fold  the  linear  NAD*  molecule,  while  glutamate  atuck 
releases  the  nicotinamide  moiety.  The  adenine  ring  tf^n  reacts 
with  the  terminal  ribose  to  form  cADPR  |8|.  According  to  this 
mexJeL  disruption  of  NAD*  folding  in  the  active  site  may  slow 
the  cataly  tic  activity  of  the  enzyme.  The  CD38  type  has  about 
25%  sequerve  identity  with  the  Aplysia  type.  Boron  as  boric 
acid  and  borate  binds  to  NAD*  |I5|  and  therefore  may  affect 
the  activ  ity  of  ADP-ribosyl  cyclase. 

Boric  acid  has  aftinity  fordiol-containing  compounds  such 
as  carbohydrates,  where  its  strong  complexation  is  now  being 
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Abilract 

Objeaive  To  determine:  (I)  the  correlation  of  pro<i- 
tatc  canocr  incidence  and  mortality  with  groundwater 
boron  and  selenium  ooncentratiom:  and  (2)  the  impact 
of  boron  on  prostate  cancer  cell  proliferation  during 
oo-treatment  with  ahemative  chemo-preventative 
agents,  along  with  boron  pre-treatnoent  effects  on  cell 
sensitisity  to  ionizing  radiation. 

Meiiods  For  regression  analysis,  data  on  prostate 
canocr  incidence  and  mortality  were  obtained  from  the 
Texas  Cancer  Registry,  while  groundwater  boron  and 
selenium  concentrations  were  derived  Itom  the  Texas 
W'atcr  Development  Board.  Cultured  DU- 145  prostate 
canocr  cells  were  used  toasscssthc  impact  ofboric  add 
on  cell  proliferation  when  applied  in  combination  with 
selenomethionine  and  gcnistcia  or  preceding  radiation 
exposure. 

Remits  Groundwater  boron  levels  correlated  with  a 
dccicasc  in  prostate  cancer  incidence  {R  =  0.6)  and 
mortality  {R  =  0j6)  in  state  planning  rqrions.  whereas 
selenium  did  not  (/?  =  0.1;  R  =  0.2).  Growth  inhibition 
was  greater  durii^  combined  treatments  of  boric  add 
and  seicnomcthianinc.  or  boric  acid  and  gcnistcia  ver¬ 
sus  sinfjilar  tieatmcnts.  H-day  boric  add  pre-exposure 


W  T.  Buranco  C.  D.  Hdihert  (P4) 

Depjfftment  ctf  Ilnviranmeailal  lleakh  Saences,  ITniventtv 
r^iforais.  Gw  Ai«elei.  CA 900954772.  IISA 
e  nui:  occkhottrudawdu 

r  F  liudik 

Depamment  ci  (ieofra[iiy  and  Envimfsnefltat  Science 
Prcipam.  Unvengv  of  NcaUiTcaan,  Poet  Office  Box 
»S279,  Denlcm.  TX  762DS  5279,  USA 
e  mad:  hudakOuntedu 


enhanced  the  toxicity  of  ionizing  radiation  treatment, 
while  dose-dcpcndcntly  decreasing  the  expresaon  of 
anti-apoplotic  protein  Bcl-2. 

Conclusions  Increased  groundwater  boron  concen¬ 
trations.  across thcstatcofTcxas.corrclatc  with  reduced 
risk  of  prostate  cancer  inddence  and  nrortality.  Also, 
boric  add  improves  the  anti-proliferative  effectiveness 
of  chemo-preventative  agents,  selenomethionine  and 
genistein.  while  enhandng  ionizing  radiation  cell  kiD. 

Keywords  Boron  Selenium  Prostate  cancer 
Texas  Groundwater  Ionizing  radiation  Bcl-2 
Genistein  Ecological 


Introduction 

The  dcvclopnscnt  of  public  health  strategies,  for  the 
prevention  and  control  of  prostate  cancer,  has  been 
hindered  by  a  gap  in  our  understanding  of  factors 
responsible  for  the  large  geographical  disparity  in  dis¬ 
ease  risk.  It  is  estimated  that  then:  were  232j090  new 
U.S.  cases  in  2005,  along  with  agnificant  regional  var¬ 
iability  in  incidence  and  mortality  [1]. 

Environmental  exposure,  by  way  of  dietary  intake,  is 
receiving  much  attention  as  a  contributor  to  prostate 
cancer  provention  (2).  Several  natural,  plant-derived 
products  an:  currently  in  dinical  prevention  trials, 
including:  (it-3)  polyunsaturated  fatty  acids,  flaxseed, 
vitamin  E.  selenonscthionine  (SeM),  soy  protein  iso¬ 
late.  isoflavones,  genistein.  lycopene  and  low -fat  diets 
[3-5].  Tbe  largest  prostate  cancer  clinical  trial.  SE¬ 
LECT,  will  determine  the  effectiveness  of  SeM  and 
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Figure  1  (page  74)  of  this  artide  was  corrupted.  The 
ooirect  veraon  and  legend  is  given  ovedeaf  Hie 
publisbers  apologise  for  this  error. 
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